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1. Introduction

How do scientists think and reason? \Wdrat the psychological processe#lved in scientific
reasoning and discovery? These questions have been the focus of a large amount of research by
cognitive scientists,historians,philosopherssociologists angsychologists irthe past forty
years, and is one of the main concearfithis book. Manyifferent approachdsave beertaken
to answer these questions, all with their own vices and virtues. Ichigiger, 1 Wi discuss two
novel approaches tovestigating thecognitive processesnvolved in scientific reasoning and
discovery that havebeenusing inmy researchThese approacheme making itpossible to
formulate new models and theories of tbhgnitive and social mechanisimsolved in scientific
discovery. Thefirst approach that | wildiscuss isone of taking a discoverfrom a real
scientific domain, generating a task that is an anafleghat thescientists had to dgjiving this
task tosubjects, and thedeterminingwhetherand howsubjectsmake the discoverfDunbar,
1989; 1993 Dunbar & Schunn,1990).Because this approachbasedupon areal scientific
domain, rather than an arbitrary task that has a tenuous relationshipsmere, it ipossible
to capture important components of scientiéasoning and gcovery. Thesecondapproach is
one of investigating realscientists workingon their own research.This approachentailed
actually spending an extensive periodiofe in realscientific laboratories. Datavere collected
over aone year period ifour leadingmolecularbiology laboratoriegollowing all aspects of
particular scientificresearch projects including plannimg the research, execution of the
experimentsevaluation ofexperimentatesults, labmeetingsplanning of futher experiments,
public talks, and thewriting of journal articles.Some ofthe research projects resulted in
important scientific disaveries,and some did not. Thigrovides a totallynovel databasewith
which to addressfundamentalquestionsconcerningthe cognitive processesinvolved in
scientific discovery.

Using terms borrowedrom biological research, | wilkrefer to my workon simulated
scientific discoveries adrt Vitro” research, and my work on scientists' reasoningah world
contexts aslh Vivad' research. At the end of this chapteryill argue that just as iniological
research it is necessary ¢onduct bothin Vitro and In Vivo research to fullyjunderstand a
biological process, it is likewise necessary aaduct both typesf methodologies irtognitive
research tdully understandthe cognitive processesnvolved in scientific reasoning and
discovery.



2. In Vitro research: Simulating the Discovery of Genetic Control

In 1965 Jacques Monod and Francois Jacob were awarded thepobébr discoveringthat
there areregulatorgenes that adrol the activity of other genes.They discoveredthis by
investigating the utilization of energy sources, such as glucdsecat. E. coli need glucose to
live and their most common source of glucose is lactose. When lactose is [as@ngecrete
betagalactosidase enzymes thiaak down lactose intglucose Betagalactosidase is secreted
only when lactose is present. Jacob ®twhod discovered that aet of regulatogenesinhibit
the genes that prodetbetagalactosidase until betagalactosidaseeded. Theyproposedhat
there aréawo genes | and O thaegulate theactivity of the betagalactosidageoducing genes
and that the production of beta-gal is controlled bynaibitory regulation mechanism. As can
be seen from Figure 1, when no lactose is prekeritgengproduces ainhibitor thatbinds to
the O gene,and thisprevents thébetagalactosidasgenes fromproducingbetagalactosidase.
When Lactose is present, the inhibitor secreted by the | gene binds to the lactose, rather than the
O gene. When this hapens, the betagalactosidagenes are no longer inhibited and,
consequently, they produce betagalactosidAgdeen all the lactose is usedhe inhibitoragain
binds tothe O gene and production of betagalactosidaggs. Monodand Jacobmadethis
discoveryusing vaious mutationsvhere the I, Oand betagalactosidaggneswere mutated.
Crucially, they initially thought that genetic control was due to genes switching antivating
other genes. Itwas only after a large amount ofesearch that theyliscovered that the
mechanism of control was inhibitioNot only was this discoveryrelevant to production of
betagalactosidase, but it was a general motigenetic catrol that transformedbiological
research.
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Figure 1. The cycle ofinhibitory regulation ofgenes inE. coli. In Figure 1A theE. coliis in aninhibited
state: The | gene sends an Inhibitor to the O gmme the inhibitor binds tthe O genethis blocksproduction
of beta-gal from the three beta-gal producing gétiesthree unlabeled geneb). Figure 1B, lactose(diamonds)
enters the E. coli. Thiahibitor binds tothe lactoseandnot the O geneln Figure 1C, thebeta-galproducing
genes are no longer inhibitecidthe betagenesproducebeta-gal(small dots). Théeta-gal cleavethe lactose
into glucose which can then be utilized asaargy source. When dle lactosdasbeenused upthe inhibitor
binds to the O gene and the beta-gal genes are inhibited from producing beta-gal as in Figure 1A.

The work of Monod and Jacqgivovides a problemhait can be adapted to thegnitive
laboratory. Asimulated molecular geticslaboratorywas designed thamade itpossible for
subjects tgroposeand test hypothese aboutgenetic reguldon by conducting experiments
using varous differenttypes of mutantsTwo studieswere conducted inwhich subjectswere
asked to disoger howgenes contl other genes (sdeunbar,1993a,for the details of these
studies). In botlstudies subjectaeretaught aboutctivationusingone setof genes, putting
them in a knowledge state simildo the one thaMonod and Jacobwere in prior to their
discovery of inhibitory genetic control (cf. Judson, 1979). Subjeete thenasked tadiscover
how another set of genes are controlled. These gesreshe |, P,and O genes iwhich the |
and O genes function ashibitors.



In Study 1, subjects had tosdover that thé and Ogeneswereinhibitors. Given that
subjects were taught abaattivation, agredicted, they abeganwith one type of hypothesis:
that is, thegenesare activators thawitch on enzym@roduction.However,subjectsfound no
evidence thatvas consistentvith an activation hypothesis-all experimentalresults were
inconsistent with an activationhypothesis. At thigoint, the subjects employed one of two
strategiedor deaing with the inconsstent evidenceOne stréegy was to continuesing their
current goalof finding activation. None of the subjectsusing this st@tegy succeeded at
discovering how the genes are controlled. Other subjisetd a second strategy: upaoticing
evidence inconsistent with activationhypothesis, thessubjects set aew goal of attempting
to explainthe cause ofhe incasistentfindings. These subjectsvere able togenerate a new
hypothesis toaccountfor the in®nsistentfindings (i.e., that the land O genesnhibit
betagalactosidagaroduction).Thus, the results of thidirst studyindicated thasubjects set a
goal of findingevidence consistent witheir initial hypothesis, and that this goal blocked the
setting of other goals, such as discovering the cause of unexpected findings.

In Study 2the hypohesisthat maintainingpne goal blockshe settingof other goals
was tested. Irthis study,the genetic mechanismas changed so thahe gene worked as an
activatorand theothertwo genes as inhibitors. In thgtuation, it waspredicted thasubjects
would first set out t@achieve their goaidf discoveringactivationandthen,after havingachieved
this goal, they would set a new goal of accounting for the findings that were inconsistent with an
activation hypothesis. Oncehis new ghal was set, subjectswould be able to generate an
inhibitory hypothesis. Thisvas exactlywhat happenedjwice as manysubjects proposed
inhibition than inStudy 1,and more subjectsreachedthe correctconclusion. Theséndings
supported the hypothesis that subjects' gdelsrmine whemnd howinconsistenevidence is
used.

The results ofthesestudiesshed new light on anumber of aspects ofcientific
reasoning:All subjectsused inonsistentevidence to mdify their hypothesesHowever,
subjects use of inconsistent evidence was contingentthpwrcurrent goalThus, the goathat
subjects set was pivotal to making a discové¥ren subjectsmaintained theimitial goal they
did not make a discoveryWhen subjects changed their godb one of exploringhe cause of
unexpected and/or inconsistent findings, they then made the discovery.

The results of these studies indicate thatposssible to disaver importantcomponents
of scientific reasoning bytaking areal scientific discovernand bringing itinto a cognitive
laboratory. While thesgypes ofexperimentsare generatingew insights, it is not yepossible
to determine the effects of the social contexdaxnce on the discoveprocess, owhether the
scientific reasoningstrategies tht non-scientistsiseareused byscientists andvice versa. To
achieve a more complete understanding of the specific factors that underlie scientific reasoning
anddiscovery,other research methodse needed. Ithe next section, | will outline another
research strategy thahhvebeenusing toinvestigatescientific reasoning andliscovery in the
real world.

3. InVivo Research: Real World Study of Scientists Reasoning

While research onndividual subjects has rpduced many rich and importantheories of
reasoning in general and soofeéhe componentef scientific reasoning irparticular,there are
severaldistinct problemswith making generalizationfsfom experiments orindividual subjects
to the wayin whch scientists easonFirst, science takeglace in a social context: groups of
scientists work on aroblem in daboratory, ratherhian one scientist working alone. $w,
cognitive psychologisthavetended tanvestigatescientific reasoning inindividuals and have
ignored the social context sfience. Secah psychologisthaveused tasks thatre not'real’
scientific problems (e.g., discover an arbitrary rule: KlaymaHa 1987, Mynatt, Dobrty, &



Tweney, 1978). Third, the subjects thapsychologists usare generallynon-scientists(e.g.,
Klahr & Dunbar, 1988)Clearly, scientists working omeal scientificproblemsneed to be
studied aswell. Unfortunately whenscientistshavebeen studiedhey were giventhe same
simple and arbitrary concepthat non-scientistare given (e.g., Mahoney & DeMonbruen,
1977).Fourth,subjects in psychologhkab experiments work oproblems thatnay lastfor as
little as tenminutes andnvolve noextensiveknowledge of a scientific topic (e.g., Klayman &
Ha, 1987). Inscientific research, a particular problemay take months, yearsr decades to
solve and the scientists have extensive knowledge of a domain.

A number ofcognitive researcherdavenoted thelimitations of thetypes of studies
referred to above and have turned to histodeséh on particular scientifidiscoveries tgrovide
a richer account of the scientific discovepyocess.Researchersising historicaldata have
analyzed historicahccounts ofscientific discoveries tancover themechanismsnvolved in
scientific reasoning. For examphersessian (1992) and othéesg., Gooding,1992; Holmes,
1985; Tweney,1985) haveconducteddetailedanalyses of diarieand notebooks thahake it
possible tanfer some ofthe cognitiveprocessesnvolved in particular scientific discoveries.
This approach has yielded rich and important accounts of sothe obgnitive components of
a particular discovery. Howevéhjs methodalsohas itsdrawbacks. The mailmitation being
that only indirect and selective access tothe cognitive processes underlying scientists’
discoveries can be obtained.

Another historical methodor determining thepsychologicalprocessesnvolved in
scientific discovery that has been used istierview scientists who haveade a disovey (e.g.,
Giere,1988; Karp, 1989; Mitroff, 1974). Thus, rather than kgng on laboratory notebooks,
researchergan interview scientists andask about how adiscovery was made. There are a
number of cognitive accounts thatve usedhis methodand have proide detailed accaus of
particular discoveried-or example,Karp (1989), performed aeries ofextensiveinterviews
with the scientist who discovered a new@chanism of genetmntrol, and built a computational
model ofthe cognitiveprocesses thawere involved inthe discoveryWhile this isclearly a
useful appoach, retrospectiveeportsare notoriouslyunreliable(cf. Ericsson & Simonl1982,
Nisbett & Wilson, 1977).Furthermoreresearch from my laboratohas shown it subjects
are often unaware @fhat leads ttmto makea discovery(Dunbar & Schunn,1990). Dunbar
& Schunn (1990) founthat solvingone problem mprovedperformance oran analogically
similar problem, yet the subjeat&l not report usig anyinformationfrom the first problemto
solve thesecondproblem: subjects did notnention thefirst problem either in theirverbal
reports while solving the secopdoblem, or intheir retrospectiveeports.Thus, to uncover the
strategies that scientists use, retrospective reports cannot be relied upon.

A third approach tauncovering important aspesobf scientific researchhas been the
contemporary sociologicapproach. A numbeof sociologistshave investigated scientists
working in laboratories. These researchbeve used ethnomehodologicapproaches, or
interviews withthe scientiststhemselves (e.g., Fujimurd987; Knorr-Cetina,1983; Latour &
Woolgar, 1986; Mulkay & Gilert, 1983). While these studieshave uncovered important
components of the day-to-day workingfsscientific laboratorieshey have notbeen concerned
with uncovering the cognitive processes thatemed byscientists intheir day today research.
These researchelave stressedthe importance of the sociabntex of science,and have
demonstratedhat the social context of scienbas aneffect onall aspectsof the scientific
process.However, whilethesestudiesestablished that social context is somehawortant,
exactly how the social context impacts on the scientist's knowledge remains unanswered.

To summarize, the researcbrh my laboratoryand that of other researchessiggests
that a number of basicognitive heuristiceand operations fornthe foundation of scientific
reasoning. However, no Cognitive Scientists have actually investigatlestientists coducting
their day to day research. That is, there have been no systeomatitive investigations of how
scientists reasowhile conductingtheir researchWhile the standardcognitive and historical



analyseshave prowded rich and important accounts of thegnitive processesnvolved in
particular discoveries, there are many crucial aspects of the scientific dispoveegs that it is
not possible to gaiaccess taising these methodologies. Iparticular, theonline cognitive
processes, and the socialeratctions that armvolved in aparticular discovery araat directly
accessible. This suggests that alternate rdetbgies need to badopted tauncover the online
processes that particular scientists use. Let us now turmew d@ype of cognitiveesearchhat
investigates these questions.

4. How Scientists Really Think

I will now turn to a study irwhich | collected data on threasoningprocessesnd discovery
heuristics that scientists usedfour of the world's leathg molecularbiology laboratories at a
major US university. Theverall goals of this researciere (1) to determinewhat types of
reasoning heuristicscientistaise to proposexperiments, generatg/potheses, andvaluate
results,(2) to determine howvscientists represetiteir knowledge of theesearch projectthat
they are working on(3) to uncover thecognitive processes thdead to changes iscientists'
representatio of theirresearchthat is, to investigate themechanismsnvolved in caceptual
change and insight), (49 discover theognitive mechanisms thajroups ofscientists --rather
than an individual scientist--use to formulateexperiments and hypothesd$) to discover
whether the social context of scientific work can counteract the well-known faulty heuhatics
individuals havebeenshown tousewhenreasoningscientifically, and (6) todiscoverwhether
and what the mechanisms are for the social context to influence conceptual change.

5. Method
5.1. SELECTION OF LABORATORIES

Six laboratories were identified on the badi¢l) the qualityof their publications(2) the type
of research that thewere conducting,(3) the fact bat eachiaboratoryhad previouslymade
discoveries that the scientific community regarded as being signif{darihe laboratoriesvere
of differentsizes,and(5) the directors ofthe laboratories had differingmounts of research

experiencé.

All of the six laboratoriesllowed meto investigatethem. Four ofthe laboratoriesvere
judged to bamostsuitable andvere subsequentlynvestigatedThesefour laboratoriesvaried
along two dimensions. First, the laboratories were edbeelopmentabiology labs, or worked
with pathogens (diseasmusing viruses anbBlacteria). Secondhe laboratorieswere either
focused athe cellularlevel, or at anolecular ével. By selectindgaboratories in thisnanner, it
waspossible tadentify which apects othe researchare generaland thereforaised byall 4
laboratories,and which strategieswere specific to a particular fielduch as devepmental
biology or molecular biology.

For the purposes ofnaintaining confidermlity, the names of thescientists will not be
revealed. The Laboratories will be labeled ACBand D. Allthe scientistsequestedanonymity
and that the results dfieir experiments ndoe divulged. To futher maintainconfidentiality of
the data that | have obtained, many ofdtientific detailsof the discoveriesnadeand research
projects invesfjated have been omittedfrom this paper. Whilethe scientists did request
anonymity it is important to note thall the scientistsallowedfree access ttheir laboratories,
to interview anyone inthe laboratoryattendany meeting,read and keep copied their grant
proposalgincluding the pink shets), attend theirtalks andlectures,and readdrafts of their
papers. Thus, there wesmplete accegs theday to dayactivities oflaboratories. Iraddition,



the laboratorieswere so cooperativéhat theyfrequently phoned me taattend impromptu
meetings and discussions within tlaboratory, or they wouldall me tocome ovewhen they
felt that interesting events were occurring in the lab.

Table 1. Research areas of the four laboratories investigated

Cell biology Molecular
Developmental Lab A Lab B
Pathogens Lab B &C Lab D

5.1.1 Laboratory A.This laboratory isrun by a seniorresearber who has over 300
publications, won numerous awards, has former students who are also leading researchers in the
field, and has made a number of extremely important findingh#vatrevolutionizedhis field.

His laboratory consisted of 22 post-doctoral fellows, 5 graditatients and 4 tenltians. The
director suggestedollowing a number of research projectisat he thoughtmight lead to
interesting discoveries and | selected four researgjectsto follow. Two of thefour research
projects were successful and led to scientific discoveries. Importantly, neither | nor the scientists
involved realized that a discovery was aboutdanade when started following theiresearch.

It was only after a few months of followirtige research projects ttiae discoveriesrere made.

Thus, | hadcollected databefore, during,and after adiscovery was madeOne of the
researhersdiscovered anew gene tlat controls cell differentiation,and theother researcher
discovered how certain celgoliferate intocertainregions ofthe body. Importantly, thelatter
discovery actuallyoccurredduring alaboratorymeeting at which | was presesmid was audio

taping; that is, | have thrmoment of @éscovey on tapez One ofthe other twaesearch projects
wasunsuccessful, anthe otherresearchproject hadnot progressed significdly within the
eight month period.

5.1.2 Laboratory B This laboratory isrun by a senioresearcherwho has made many
important discoveriesm molecularbiology. He has numerougpublications,and has trained
many now eminenscientistsHis current research program is concerngth determining a
general model of how certagenes comol traits in anovel type ofbacterium.His laboratory
had 3postdocs, 5 graduatstudents and fechnician. | followeddne of theresearch projects
that was beingconducted inhis laboratory (it was theonly researchproject thatwas just
starting). This research project has been beset by a number of problems tma¢atvthat the
researchers have made only a small amount of progress.

5.1.3 Laboratory CThis laboratory is run by amssociatgrofessorwho hasmade anumber
of important discoveries on hol@NA and RNA are coded bytudying an organism that has
very unusualbiological properties. Hehas over 60 publications anchis work on RNA is
regarded as seminal. The lab consistedpst docs, 2 graduagtudents and Iab technician.

| followed research projects conducted by fimer post-docsAll the research projects resulted
in significant breakthroughs.

5.1.4 Laboratory DThis laboratory is run by an assistant professor wiatréadyfamous for
his work onviral mechanismsHe hasinvented anumber ofwidely referencedechniques, is
regarded as conducting sometioé mostinnovativework on HIV (Human Immunodeficiency
Virus). The laboratory had 4 post-doésgraduate students, and 2 lab technici&hs.current
research programs centeredarounddiscovering the mecham by which certaigenes in the



HIV virus allow the virus to infiltrate into theost organism. He hawolved a research program
that hasemployed a number afovel and ingeniougechniques taliscover howthis works. |
followed three research projects on Hidtivity. These threg@esearch projectare now leading
to a new model of an important componef HIV activity that hasvide rangingtheoretical and
practical implicationgor molecularbiology. Thedirector of LaboratoryB alsoinvented a new
genetic technique. This technique is likeleta up beingne of themostimportantinventions
in the last 10 years in molecular biology and genetics.

5.2. SELECTION OF RESEARCH PROJECTS FOR INVESTIGATION

Within each laboratory particular research projects were selected for study on the basis of (a) an
interview with the professor (i.e., laboratory director) about the research that was going on in his
laboratory,and (b) whether theaesearch projectsad juststarted, orwere about to begin. By
selecting new research projecta/és possible to investigate thegnitive componentsom the
beginning of ascientificresearch piect. Oncethe research projectaere selected, | then met

with the post-docs, graduate students,tandnicians that wereonductingthe researchAll the
members of théour laboratoriesnvere willing tocooperate. In laboratories A, C, andf@ur
research projects were purduén laboratory B, oneesearctproject waspursued, ashis was

the only project that was beginning.

5.3. DATA COLLECTION PROCEDURE

A pre-present-post desigmasused inwhich datawere collectedprior to alab meeting (pre),
during alab meeting(present)and afterthe labmeeting(post). This design issimilar to the
pretest-posttest design used in experimental res@zrcbampbell &Stanley, 1963)The "pre-
lab™ meeting comonentconsisted of arextensive initialinterview in which the researcher
provided background information on their research prajedtthe rationalor conductingtheir
research. That is, the researcher stated the theories, hypotheses, predictions, experimental results,
current knowledgén thefield, rival theories, relation tother research projecis the lab, and
problemswith the research. Iraddition,one ortwo daysbefore aresearchewassupposed to
give alaboratory presentation abotlteir research, amterview was conducted invhich the
researchewas asked to (i)statewhat research they hadone, (ii) state why theesearcher
conducted their experiments, (iii) state sipecific research questiogoals, experimentalesign
and predictions andhy they didnot conduct othetypes of possibleexperiments(iv) state
what their results werand anyproblems lhat occurred in conductinthe experimentqy) state
whatthe researcher thouglthe experimentatesults meat, and (vi) statewhat directions the
research project was going to go into next (that is, what experiments would be conducted next).

The "present” component dhe procedureconsisted of dhervideo oraudio taping a
laboratory meeting. Notes were kept of contextual informaidmeadily apparent ithe audio
or videotapes. Tk "post-lab”"meeting cormponent of thegprocedure consisted of amerview
with aresearcher one dwo daysafter thelaboratorymeeting toaskthe regarchemwnhatthey
were nowdoing, and whether the meetingp)ad changedheir plans. The samesix sets of
guestions thatvereasked inthe pre-labmeeting componentwereagainasked inthe post lab
meetingcomponentThis made itpossible todetermine theeffects of thelab meeting on the
resarcha’s representatiorof the research and oplans forfuture experiments. This pre-
present-post design was repeated at least three times over an eight montfopatiodsearch
projects.

By comparing thedatagatheredusing the pre-present-post design it is possible to
determine theeffects of the meetings astientists’ rasoning, andon their research.Each



research project was followed for an eight mgm@hod, in which aycle ofa "pre-lab"meeting
interview, tape of lab meeting (i.epreent component)and a post-lalmeetinginterview were
conducted at least thrémes. All interviewsand laboratory meetingsere audiotaperecorded
and extensivenotes were kept; thesemake it possible to understandontextually relevant
information. During the last two mths of theresearch a number of laboratory meetingse
videotapedThis made itpossible taget a visual remsentationof the dataand dataanalysis
techniques that the scientists were usingvals asthe social andituational factors not readily
apparent in the audio tapes.

5.4. DATA ANALYSIS

5.4.1 Transcription.All data collected arganscribed and cod€de., audio tapes,videotapes,
including notes from grants and pink sheets, drafts of papersaitimentsand otherelevant
materials).Transcriptionsare madewith two independent trastriberswith a background in
molecular biology.

5.4.2 CodingFollowing transcriptionthe data areoded along a&et of dimensionslerived
from Brutlag, Galper,and Milis (1991), Dunbar (1993a)Klahr and Dunbar (1988), Stein
(1992), ancEricsson and Simo(iL984). Thecoding schemes providmnvergingevidence on
the cognitiveoperationsmentalrepresentationgnd social intergions that the scientistsused.
Oncethe data are codethey are entered into a computerized datal{§sedersonScott,
Jahnstan, Mainzer, Watanabe, & Jame993)with reldional searchcapabilities thamakes it
possible to answer specific questions about the scientists' thinking and reasoning.

In order togive aflavor of thetypes of aributes thatare coded, a partidisting is
provided within each category beloWowever,the existing coding schemsare farricher than
that which can beiscussedere. The three major categories of knowledge that these coding
schemes allow me to specify are as follows:

Coding ofthe scientists'representation otheir research overtime. We are using
Brutlag's 1991 scheme (BrutlagGalper & Milis, 1991) which provides a list of
attributes for molecular biological knowledgand experimentsThis scheme was
developed by a moleculéiologist who is building computationaimodels ofmolecular
biological knowledge. We have adapted this schaesreecoding devidbat specifies the
features othe scentists' represeation of their knowlege. Thescheme specifies the
attributes of knowledgeelevant tounderstanding DNAmetabolismsuch as; the
structure of DNA, strands,nicks, activity, specificity, activity, temperatures and pH
values of reactions. The codisgheme integrates these attributes intoarall model
of knowledge andexperiments. Thisscheme makes ipossible torepresent the
molecularbiologists’ knowledge,and howthis knowledge chagesover time. We are
using another coding scheme for cellular biological knowledge.

Coding ofgroup interactions.We are using acoding schemederivedfrom work on
discourse analysiand conceptuathange. This codingcheme clagges the types of
interactiors between gsgakers (e.g., clarification, a@reement and elaboration,
disagreement, and questioning), guals ofthe speakerand thecurrent representation
of the knowledgeThis makes ipossible tochart theeffects of the interactions on the
speakerscurrent representain of theresearch project.. The coding scheme makes it
possible tadentify whetherand when socialinteractiors lead to conceptual changes.
Using this scheme we can identify the specifiges of socialinteractions,and the
various combinations of factors that mhetpreset for conceptual change taccur. In



addition, this codingscheme makes jiossible tomake predictions aboutvhether the
interaction will lead to a change in the speaker's representation and whpéatemill
do.

Coding the scentists'cognitive operations.All data arebeing codedusing stadard
protocol analysigechniques (cfEricsson andSimon, 1984; Newell & Simon,1972)
that | haveusedpreviously (Dutbar, 1993a,Klahr & Dunbar, 1988Klahr, Durbar, &
Fay, 1989). First, atask aralysis is being conductedfor eachresearch project. This task
analysis deteninesthe currentstate ofknowledge, the gal state,and theseries of
cognitive operations that the scientists apply tdrget their current state of knowledge
to their desired state. Treecond step i$0 codethe data interms of thecognitive
operations identified in the task analysis. The third stép fermulate a model of how
the scientists actually combine thesgnitive operationgto heuristicshat guide their
research. This thirédtep necessitatdsringing taetherthe coding of the scentists
representation of their search, theoding ofthe group interactionsand thecoding of
the scientists' cognitive operations into one overall scheme.

6. Overall Results

A select sample of thenalysesonducted orthe present data are provided hé&ee Dunbar
1993b, ¢ andunbarand Baker1993a, bfor the completeanalyses)There was a large intra
and inter laboratory similarity of the mental epresentationsexperimentalheuristics, and
problem solving heuristics thatl four laboratoriesused.Indeed, theanalyseseveal that the
basic components of the scientistegnitive operations arsurprisingly similar and differ
largely in the way that these operations are combinedhidfisdegree of regularity in theata
makes itpossible toapply rigorous data analysistechniques tahe dataand draw highly
generalizable conclusions about scientific reasoning. A number of trends are emerging from the
data: First, scientistsmake extensivaise of negative evidence to discatteir hypotheses.
Second, thause oflocal analogieswhere knowledge is importedrom the same scientific
domain is a common mechanism of conceptual change. By contrast, distant anaogiesed

to highlight salienfeatures ofthe problem that thewerediscussingThird, the scial context

of the researchproducessignificant chages inthe representation of the problem and
modulation of individual reasoning biases. We hasten able tadentify the particulatypes of
social interactions and cognitive states that aesepr when conceptuathange ocurs. Overall,
theseresultsreveal thatboth domain specific knowledge arile social context of scientific
researctpreventsscientistsfrom making many othe reasoningerrorsidentified in individual
subjects in cognitive psychology laboratories.

7. Mechanisms Underlying Conceptual Change and Insight
The circumstanceanderwhich conceptual changand insightsoccurred Wi be addressed.
Conceptual change amasight occurred inthe face of inonsistenexperimentafindings, as a

result ofthe use ofanalogy, in the context ajroup discussionsand as aconsequence of
surprising findings. Each of these sources will now be considered.

7.1. INCONSISTENT RESULTS AND CONCEPTUAL CHANGE



Surprisingly, results inonsistentwith the scientists’ current hyothesisquickly led to the
discarding of hypotheses. The discarding of an hypothesis on the basis of incoegidésice
occurred undevery specific circumstances. First, inconsistemidencetended to beused to
change specific featurexf an hypothesiswhile the overall type of hypthesisremained the
same.For example, ascientist changedhis hypothesis fronf'this particular sequence is
necessary to initiate binding of the protein” to "any sequence in this regidrathabase-pair
mismatch will bebound toby this protein.” Note that in thissituation, the conceptual change

that occurred was quite minimal. This type of conceptual changalisplayed the usual
generalization, specialization heuristics that have been identified in previous work on reasoning,
such as the findings obtained in imyVitro work on scientificreasoningdiscussed irthe first

section of this chapter. The second type of use of inconsistent evidence was more interesting. In
this case,the evidencewas notonly inconsistenwith the current hypothesis, bwas also
inconsistent any hypothesis of that tyaed the scientist neededitwent a totally new type of
hypothesis (or concept, tieme dependingn yourterminology) toaccountfor the data. This

type of conceptuathange rarely occurregithin an individual. As inlaboratory studies of
cognition, individual scientists out of a grocgntext usuallyattributedinconsistenevidence to

error of some sort, and hop#tht thefinding would goaway.However,when thefinding was
presented at a laboratonyeeting,the other scientist¢éended tdfocus onthe inconsistency to
dissect it, and either (a) suggested alternate hypotheg¢b} forcedthe scientists to think of a

new hypothesis. This happened at numerous lab meetings and was one of the main mechanisms
for inducing conceptual changm scientistswhen inconstent evidenceoccurred. Often this
resulted in the phenomenological experience of insighthich thescientistexclaims that they

now knowwhat was going on intheir experiment. As we Wisee in the section on social
interactions, the particular mechanics of the interaetiercrucial to whether conceptual change

did, or did not occur.

The way in which inconsistentevidencewas treatedalso varied as afunction of
experiencelLessexperiencedcientistsvere morewilling to maintain a hpothesis tharmore
experiencedscientists.However, whilethe more experiencedcientists showednush less
confirmationbias thanthe lessexperienced researchers, ythaften displayedvhat we term a
“falsification bias”: often they discard goatata that actuallgonfirmstheir hypothesis. This
falsification bias appears to ltbe result of meh experiencevith the negativeexperience of
being proved wrong. We are currently simulating thlsification bias in anexperiment in our
laboratory (Baker & Dunba 1993a). These findings indicate thata crucial factor in
determiningwhetherpeople willmaintain an hypo#sis inthe face of incosistentevidence is
domain-specific knowledge, rather than a reasoning féase

7.2. ANALOGY AND CONCEPTUAL CHANGE

We are currently coding all the usissimilarity inthe corpus. Wehavecodedall instances of
where ascientists notethat something is siitar, or different,from something else. We can
then look at instances ahdogical reasoning. Apreliminaryanalysis ofthe data indicatethat
analogieswvere animportantsource ofknowledge anatonceptuathange. In threef the four
laboratories analogiewere frequently used,ranging from 4 to 22 in any meetinghree
different classes ofinalogiesvere used.First, analogiesrom the samedomain, in which the
scientistdrew an aalogy from a previous experiment to theiturrent experiment l(ocal
Analogie$. Second, a whole system of relationships fromsimilar domain was mapped onto
the domain that thdéaboratorywas working on Regional Analogie$. Third, a concept is
mappedfrom avery different domain to thelomain hat thescientistsare working on I{ong-
Distance Analogigs These differenttypes of analogies are used under different

circumstances.
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7.2.1Local AnalogiesThis type of analogyvas very frequently used.Local analogieswere

usually used when the experiment thaesearchewas workingon had problems andvas not
working. The researcher made an analoggntexperiment in @ery similarresearcharea, or to
a similar research techqgue or protocol. Thectual analogicaimapping thatoccurredwas to

map theunsuccessful problem thetey wereworking with to another similarexperimentthat

was successful. Té scientistwould then determinavhat the difference wasbetween the
successful andinsuccessfuexperiments andgubstitutethe different corponentsfrom the

successfubpproachinto theirunsuccessfuhpproachFor example, abne meeting ascientist
was having difficulty in purifying a protein and said:

“so | hadto pursueanother methodhat would solubilize the proteins, but
would also stick tathe beadsand basically,this is amethod byJamesDigby
and it'salso, this method isalso asimilar methodfound in Maniatis. Basically,
the key steps the 8 Molar ureastep.Which just, it just solubilizeseverything.
But anyway,this is a protocol; it basicallyasjust followed exactly since this
worked for someone else, | figured it might work for me, too.”

This use of local analogies does mtmediatelyappear to be @ery sophisticatedype
of analogical reasoning, and certainly nottihee of reasoning théias been théocus ofmuch
cognitive researchHowever,the use oflocal analogies isone of the ma mechanisms for
driving research forward. In the field of molecular biology, at least 60% of the experimagats
technicalproblemsthat needo be resolve@ndlocal analogicafeasoning is one ahe main
methodsthat thescientistsusedwhen theyhad problemsvith their experiments. This type of
analogicalreasoning occurred inirtually every meeting,and often numeroustimes in a
meeting. New knowledge is added to tlepresentation by making thealogy, and thigrives
the research forward.

7.2.2Regona Analogies In regiondanalogies thescientistsmappedover entire systems of
relationships from onelomain to another anthe two domainswere different classesthat
shared a common superordinate category membdeshipboth phage@ruses and retroviruses
were mapped ontaachother and clearly both are memberf the superordinatecategory
virus). This type of analogy was not frequent, but did occur from time to time. It rarely occurred
when scientistswere having groblemwith an experiment. Insteadhis type ofanalogical
reasoning occurredhen thescientistswere working on bothelaborating their they, and
planningnew sets ofexperimentsFor example,one laboratory held eneeting that drew an
analogy between ordass ofvirus andanother.While aconsiderable amount is known about
certain types of viruses, little is known about many basic components of retroviruses.
Furthermore because retrovirusesmre consideredvery different from othertypes of viruses
researbers rarelyuseknowledge of one tanform their research abouhe other. What this
laboratory didwas to tryand mapknowledgeover from one class o¥irus to retroviruses, the
goal being to (a) use this knowledge to fill in gaps in their own knowledge, by drawing sets of 1
to 1 mappings, and (b) smggest new questions ask about retrovirusesl’hus, mapping over

an entiresystem of relationsvas avery powerful tool. The finding that thigias a rarelyused

type of analogy would be consistent with much psychological wodnalogy, but theeasons

may be quiteifferent. Inthis case,and inthe othercases in thigorpus, this tge of analogy
tended to be used only after the scientists had alreadigdsta formulate a model of thentire
process thathey were investigating.Thus, thescientists then had system of relations and
mechanisms irtheir own domain that they could then map to another domain. Until they had
built such a representation of their own doméiwould not havéeen possibleo mapover the
other domain. We are currently conductang experiment to test the ythesis thaanalogical
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mapping ofsets of relatins is mostlikely to occur, and lead to conceptualchange,when
subjects have built up a fairly detailed representation of the target domain.

7.2.3Long DistanceAnalogies Long Distance analogiegereused, but nbfrequently. They
were nevewused tosolve experimentabroblems, or in modébuilding. Rather,long distance
analogies were used to highlight features of the research that were salient, and werasesiially
to bring home a point, or educate new membersafaboratory Thus, while distant analogies
wereused tochange the representation of knowledgeéople, it was not driving force in
making any ofthe discoveries observealer the year. Thisuse of analogies ofteded to
significantinsights inthe othermembers of thdaboratory, making iclear exactlywhat the
point was. One example of a highlighting use of a distant analogy was:

“Postdoc what goes on ithe flagellarpocket is a real biguestion right now,
and there's not mucknown aboutit. It's a very specialized domain of the
plasmamembraneand it hasvery specializedfunction. What's inthe flagellar
pocket andvhatgoes on irthe flagellar pocket is uh, not bestudied in any
great depth or detail. An interesting question. Ok.

Professor:lt's sort of semi-closed. It's open to big molecules like LDL gets in--
Postdoc Things get in, but things don't... It's likee Hotel California you can
check in, but you can never check out.”

It is important to nte that thisuse of Long Distancanalogies is quitalifferent from
that proposed byother researchers. A number of researcherge argued that many of
analogiesthat scientistsuse intheir publications or talkswvere actually causal in making
particular discoverg Thatis, scientists firstmake the arlagy and thenmap features of the
analogy over to the problem that they are investigating and make the discoveryconpiine of
data that we collected we did rfotd one instane of a casevhere along-distance analogy led
to anyconceptuathanges oinsights onthe part of a esearcherinstead, thdong-distance
analogieswere used tohighlight features of a pointhat ascientistmakes. Weare now
monitoringthe publicationsthat the reearchersare writing tosee if long-distance analogies
creep into the publications, bwere not preserih the discovery. Ithis is the case, therthis
would suggest that d&astsome ofthe analogieshat scientistshaveused intheir publications
werenot causd in making adisovery, but wereaddedwhen writing up theesearchThus, the
importance ofong-distance analogies atfteir causakoles in making discoveriesnay have
been overemphasized by some researchers.

7.3. ANALOGY USE AND SOCIAL STRUCTURE

While use of analgy was a common occurrencetlire laboratories, analogice¢asoning did
not occur in one of the laboratoridsvo questionammediatelyarise hereOne iswhether the
lack of analogical reasoning had a detrimental effect on conceptual change, and tise wthyer
did this laboratoryfail to engage in anagical reasoning?The single laboratory that did not
engage in analogical reasoning did not makeraajgains intheir understanding othe genes
that they wereworking on. Recall that thenost commoruse ofanalogies in the laboratories
was when an experiment ditbt work. In this situationscientistsdrew analogies to other
experimertsin an attempt tosolve theirproblem.However in thdaboratory that did natake
analogies, thescientistsused adifferent strategywhen tley encounteregroblems intheir
research; theymanipulated experimentalariablessuch asraising the temperature, varying
chemicalconcentrationsand soforth, to makethings work. Thus, a problenthat could have
been solved by making an analogy to anotirilar experiment (Local analogy), or to another
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organism (Rgional analogy)was not made --leavingome problemaunsolved andothers

lingering for months tosolve. Indeedyery similar research problemsereencountered in the
otherlaboratories, bt they were solved nuch fasterthroughthe use ofLocal and Regional
analogies. This finding is consistent with the hypothibsisLocal and Regionahalogiesare a

potent source of conceptual change.

Why were the members of the laboratnof making usef analogy?One aspect of the
laboratory appearsritical to whetheranalogies vl be used. It isthe socialstructure of the
laboratory. All the members of this laboratory twnefrom highly similar backgrounds, and
consequently drew from a simillanowledge base. Ithe otheraboratories, thacientistscame
from widely differing backgrounds, and these differeources ofknowledgewere important
components inthe construction of analogicamappings.When all the members of the
laboratoryhavethe same knowledge at thelisposal, themwhen a poblem arises, @roup of
similar minded individuals will noprovide morenformation tomake analogies than a single
individual.

The finding that the social structure of the laboratory has an effect on types of reasoning
and conceptual change may explarihy many experimentattudies ofreasoning bygroups
produce no betterperformance thamdividuals alone. Irthese studies, the groups sibjects
are generaljhomogeneousvith respect to background, and accordingthe mechanisms of
conceptual change that | am invokisgpuld not prodwEconceptuakthange. We are currently
conducting a number @axperiments tdest thishypothesis.Theseresults go beyondnerely
stating that social structure is important. These findindgate the groups of individuataust
havedifferent pools ofknowledge tadraw from to makefruitful analogies. Merelyhaving a
group of scientistsvorking on aparticular poblem (i.e., socialstructure) will not result in the
use of analogies.

7.4. ANALOGY USE AND EXPERTISE

As the above section on analogse and acial structurendicates,one of thekey components

in analogicalreasoning ighe knowledge thathe laboratoryhasaccess toNot only is the
knowledge that the groupas ofimportance, buthe knowledge tt an individuakcientist has

is central aswell. We havefound thatthe more expetthe scientisis, the more analogies the
scientistwill make, the more similarities that he @he will note,and consequentlythe more
overall research success thll have. While the experts clearlilavemore knowledget their
disposal, theyalso haveknowledge organizednd represented in different ways frahe less
expertscientists. This igvident inthe group ineractionsof the scientistswith eachother. An
expert scientistends to seenany ofthe deepstructural features as beivgry obvious and
treats them almost likeurface features he novice scientistshave great difficdty seeing the
deep structural features. When it comeséking productive analogies it is much easmrthe
expert scientist: for them, the deep features are obaiedghey can readily map these features
onto other domains. For the novice scientistsithep features are not obvious and therefore the
mappings onto other domaimase difficult and non-obvious.Thus, exprts make both more
analogies and more productive analogies.

7.5. SOCIAL CONTEXT AND CONCEPTUAL CHANGE
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In the previoussections wehave seenhiat social factordiave aneffect onscientists'
interpretation of incosistentinformation,and on their ability to formulate angse analogies.

The goal of the preseanalyses of soal interactions is not to restatge obvious: tht social
interactions are important. Insteaxyr goal is toidentify the precisemechanisms byvhich
groups ofscientist changeachother's repgsentation of knowledge. lour analysisof the
laboratory meetings ware beginning tancover anumber of social mechanisms tifiatilitate
conceptuathange. Taddresghis issue, we are analyzirggets ofinstancesvhere conceptual
change occurred and did not occur. Specifically, we are investigating whether conceptual change
did or did not occur following (a) questions that fotloe scientist to think about their work at a
different conceptual level, or withdifferent goal, (owhen he scientisivasasked toengage in
deductive, causal, or inductive reasoning, (c) when the researchaskeaktagive more details
of a particular aspect otheir theory ordata,(d) when the reseaher's theory odata was
challenged by another membertbé laboratory group, and (€uestions frondifferent types
of people such as remeh assistantgraduate students, postdopsypfessors, or a Nobekize
winner! We areonly just beginning tmbtain answers to thegpiestions from oudatabase.
Our database allows u® identify particular pattes of social interactions, asvell as prior
knowledge states which result in conceptual change.

Analyses ofthe datareveal thaiquestionanswering is a potent mechanism of inducing
conceptual changen scientists.One ype of question hat produced anumber of small
conceptual changes ail the laboratoriesand that fokered amajor scientific discovery in one
scientist, was task a questionhat forced the scientist to changom thinking about the
research at one level to thinking about the research at another level. For example, a scientist may
be conducting aseries ofexperimentsaimed atdiscovering the mecham by which a certain
type of lymphocytebinds to acertain type of cell.The scientist is concernedith the
experimental details and particu@mponents of themechanism. Othescientistsmay ask this
scientist a question about how the lymphocyte got there in the first place, rather than how does it
bind. This new question forces the scientist to reorganize his knowledge, and vauerstings,
his original question isalso answeredlhus menbers of agroupcan get ascientist to adopt
new perspectivesand goals thatcan result in areorganization of knowledge amdsult in a
scientific discovery. Ware currently anaging a scientifiodiscovery thaoccurredunder this
type of questioning (Dunbar and Baker, 1993a, b).

Because we have maimgtances otases inwhich conceptual change didnd did not
occur during lab meetings, wédave been able to uncovdahe mechanisms bywhich social
interactions and cognitive representations interact to prasuneptual change. Aanalysis of
the interactions surrounding the making of discoveries indicates that sequences of specific types
of interactions andcknowledge states occur. Irparticular, wehave identified that when (i)
surprising findings occur, (ii) the researcher believes that these findings are not due to error, and
(iii) other members of thgroup dallenge the researcheristarpretation of the findings,
significantconceptual changeillvoccur. Thechallenges force the scientistlamk at the data
with different questions andgoals, thereby changinghe scientist's representation of the
findings. Whenthe researcheibelieves hat thefindings are due toerror, no amount of
challenging, or suggston of other explanations illiv result in conceptualchange. Wehave a
number of meetings, as well as professor-reseairafeeactions, in whiclmo conceptuathange
occurred for these reasons.

Another form of questioning is one that triggers a chain of reasoning that can then result
in a reconceptualization of a theodgta, orexperimentadesign. Ofterthe question is asked
when thespeakerhasleft out some detailshat they wereunsureabout. The speakehen
engagesin, for example, deductiveeasoning, and often otharembersof the laboratorywill
also engagén this reasoningprocess, resulting in eery different conception of a problem.

This often occurreavhen thescientisthad a problenwith his or her experiment. Ifanalogical
mapping did notchieve asolution, the membersf the laboratorywould attempt todeduce
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what the source ofthe problemwas, and thensuggest asolution, thereby dmnging the
representation of the problem. Thus certain types of social interactions that occur in a laboratory
meetinghavespecific effects on théypes of reasoningtrategies that scientistse. We are

now beginning to identify which combinations of social interactionscagaitive statedead to

which types of reasoning.

One of the laboratories engageth extensivegroup poblem solvingwhenever a
problemarose inthe researchnMany memiers of thelaboratory reasomkeabout theresearch
and often the results of one person's reasoning beitemeputto anotherperson'seasoning.
This resulted imapid reconceptualization giroblems and taignificant changes iall aspects
of the waythe researchwas conducted. Situations iwhich group problemsolving occur
provide a rich example of the way that cognitive and social mechanisms interdav#¥eund
that subgroups focus on particular features of the proldbamge these features and then pass
on their part of thesolution toanother mener of thegroup. Theresearcher preseng then
picks up the proposed solutions antkgrates them intbis or her conceptuaframework, and
then the group goes through another round of problem solving.

7.6. ON SERENDIPITY

A commonevent in allresearch ighe presence ofurprising resultsOften unusual
reaults are of no interest,other timegthe following up ofsurprising resultéeads to significant
discoveries. Scientisteequently allué to discoveriesbasedupon surprising findingas being
due to serendipity. Aexample of theview thatserendipity isthe source of manydiscoveries
appeared ina recentissue ofthe journal Science where areporterdiscussed a [pcular
scientific discovery in the following way. "As with masyrprising discoveries, tHanding that
DNA injection could getthe cells ofliving animals to produceroteinscame serendipitously”
(ScienceMarch 19,1993, p1691). Theparticular scientists in questiodiscovered thatheir
control condition had a much better effdtan anyof their experimentatonditions.They then
focused orthe controlcondition anddiscovered amew mechnism to introduce foreign DNA
into ahost. While manyscientists and journalisteay regardcertain scientificdiscoveries as
serendipitous, thdata that wenavecollected indicates that marfipdings that scientistsmight
call serendipitousare notso. Theso-calledserendipitous findingsire theresult of careful
experimentation and planning that are designed to expose novel mechanisms.

We have found that experimentatesults inwhich the ontrol condition produces
unusual results is very common and weessource of mandiscoveries irour corpus. One of
the scientific discoverieshat we recorded occurredvhen a ontrol condition produced
surprising resultsOther discoveries in thdaboratories that wéave beeninvestigatingalso
occurredwhen controlconditions producedurprisingresults, and theurprising resultsvere
followed up. Furthermore during muitial interview withthe director ofLaboratory A he said
that one of the most important strategies thatiges in higesearch is tdollow up surprising
results. In the lab meetings he used stviategy numerous tiragforcing the otherscientists to
focus on surprisingindings, particularly whenthey involved the control condition, and,
consequently, to gain new insights into their research.

The standardexplanationfor using a combl condition is thait allows thescientist to
determine whether the effect obssd with the experimentatondition is really due to the
experimental manipulation, or is due to other factors. A control condition is regardedhecka
on the experimentatonditions. The finding that, ithe laboratories that have investigated,
control conditions oftengeneratesurprising resultdeads us to conclude that the manner in
which scientists choose ntrol conditions andhe way inwhich theresults of controls are
interpreted are crucial to understanding scientific discovery and insight. When a scientist selects
a control for anexperiment many factotsave to bdaken into accounand researchers often
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usemore than one control. Thmntrol conditionsservefunctions othethan checking to see
that the experimentakffects arereal. Even when ascientist is correcthat the experimental
conditions should produce such and such an etitfety mechanisms may molved, or more
important mechanisms may be involved that the control condition can uncover.

This typeof analysissuggestshat far from beingthe result ofserendipity, theuse of
surprising findings, (e.g., in acontrol condition), makes it possible touncover hidden
mechanisms in an orderly mann&he scientist carefullyconstructs controls thaterve the
function of both checkingthe experimentatonditions andexposing hidden mechanisms,
shouldthey be there. In thdata that wdnavecollected thescientist isusually lookingfor the
desired results in thexperimentatonditions and to dthis the scientishas formulated a rich
set of hypotheseand mechanisms dhcould accountfor awide variety ofpossible findings.
When the control conditions produce unusual reshéisscientisis alreadyconsidering aost
of potentialmechanisms anthus asurprisingfinding allows the scientist tofocus on the
aspects of his or hewurrentconceptualstructure that neetb be changed orejected. The
surprising finding is genuiely surprising, butthe use of controls and aalready richly
articulatedconceptuaktructure makes possible tomake sense ofthe findings andpropose
novel theories. Themanner inwhich experiments areconstructedminimizes the role of
serendipity tothe extentthat whensurprising results daccur the scientist alreadyas a
constrained set of active hypotheses and mechanisms that can be used to interpret the findings.

7.7. RISK!

One of the most intriguing aspects abthesearch has be#re scientist@assessment of risk in
their researchMost of the research scientisesngaged inwo or more research projects. The
scientiststended to pickone highrisk and onelow risk project to workon. The scientists
categorized projects highrisk if they rated aesearchproject ashaving a lowprobability of
working out, but had the prospectlm#ing an important discoveryhey rated a project as low
risk if they could see thahe projecthad ahigh probability of success. Ofteithe low risk
projectswere notregarded asnes thatould produce important discoveri€siven thatpost-
docstended to be concernedth getting a job inthe near futurethey were often reluctant to
engage in highiisk projects aghe high risk projectsvould notresult in any publications and
hence ngob. The laboratory directorsere often much moreenthusiastic about highisk
projectsastheir goalsweremore longterm than theost docs. Furthermorgjven thatthere
were many combinations of high and low risk projects occurring in a laboratory at atty@ne
the probability ofone of these projectsorking was fairlyhigh. However, bygetting thepost
docs to conduct combinations of high and low risk projg@slirectors helpe@nsure that the
researchers would at least make a snmistiovery that wouldead to a publicatiorand facilitate

their own more long term godts.

7.8. HOW TO MAKE A DISCOVERY

Thefindings discussedh this chapterhave clear implicationsfor the conduct ofsuccessful
research. The following heuristics have been identi#gedeingpotentially important in making
discoveries(1) Members of aesearctgroup shouldhavedifferent, but overlappingresearch
backgrounds. This will foster group problesolving andanalogicalreasoning. (2Analogical
reasoning should be engaged in when problems arise in the resegattclriar, the scientists
should engage inmaking both local and regional analogieg3) Researchershould be
encouraged to engage in combinatiaishigh and lowrisk projects. This increases the
probability that eachscientist vill have achieved daangilde result.(4) Take note ofsurprising
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results. Usethe surprising results t@eneratenew hypoheses andesearchprograms. (5)
Provide opportunities for the members of the resegmaiip to interact and discuss the research

by having overlapping research projects and breaking the lab up into smaller groups working on
similar problems.

8. Conclusion

In this chapter | have provided an overview of two approaches lthatlsed toinvestigate the
cognitive processesnvolved in scientific reasoning and discovery. The first approach--
investigating aspects of scientifieasoning--isconducted inthe laboratory. Using this
approach, the searchehasexperimental ontrol over aspectsf the discoveryprocess. As in
other biological sciencesthis In Vitro approach makes jossible to isolate aspects of the
reasoning process andtease apamparticularmechanismskor examplethe In Vitro research
that | have discussed shows that the gibaissubjects set aceucial tounderstandingcientific
reasoning.Previous researclusing the In Vitro approachhas alsoidentified important
componats of scientific reasoning(e.g., Klayman andHa, 1987; Klahr & Duibar, 1988).
However, as irmother biological sciences, it igalso necessary tmvestigate thegprocesses of
interest in their real-world context.

Indeed, inthis chapter |have argued lat In Vivo investigations of thecognitive
processeivolved inreal-world scientificreasoning andonceptual change asdso needed.
Investigations of real-world reasoning are crucial as teegal noveimechanisms of reasoning
that would be impossible to uncover using/itro methods. For example, by using thisVivo
methodology, entirelyiew insights were uroveredregardingthe ways thati) analogies are
used and their role in conceptual change, anth@ijmechanisms undeig conceptual change
in the social context of science. Further, use oflthigivo approach to cognition demonstrates
that it is possible tanvestigate comlex cognitive processes ithe realworld. In summary, |
argue here that use of tireVivo approach isital to achieving amore completeunderstanding
of the specific mechanisms that underlie scientific reasoning and discovery.

The work discusseith this chaptershows lhatsome ofthe mechanisms thdtavebeen
found inthe cognitivelaboratorycan be seen to be atork in the real worldand more
importantly, that a newrange of mechanismean be uncovered by investigating real-world
scientific contexts.Thus, ladvancehe claim thatboth InVivo and In Vitro investigations are
necessary to understaredgnition andconceptualchange. As in thdiological sciences, the
results ofin Vivowork can be brought into the laboratory and analyzed uisiNgiro methods.
This cross fertilizatioof the two approachegnsureshat neitherapproach becomegsaradigm
bound.
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1. Clearly, | had to become an expert in molecular biology, which | studied for five years in
preparation for this research.

2. Note that | usahe term"discovery" inthe manneused inCognitive Science Sociologists

and historian®f sciencehaveargued that a finding isot a discovery untithe scientistshave

convincedother scientistghat theirfinding is a dscovery. With this view in mind, | am

continuing to investigate these scientists to see whethdravitheir findings beome accepted
by the scientific community as a discovery.

3. It is important to note that we regard these different types of analogies as being along a
continuum, rather than being discrete classes of analogy. A more complete account of our
findings on analogical reasoning appears in Dunbar 1993b

4. See Dunbar (1993c) for a detailed account of the role of risk assessment in scientific
research.
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